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xmm@dhu.edu.cnAbstract A novel type of composite vascular graft was developed via electrospinning in the
present investigation. Collagen and chitosan were blended to form the inner and outer layer.
Poly(l-lactide-co-caprolactone) (P(LLA-CL)) was selected as a material for the middle layer of
composite vascular graft. Both morphology and diameter of the composite grafts were studied by
Scanning Electron Microscope (SEM). The results of mechanical tests showed that the composite
scaffolds provided the whole grafts with better strength and ﬂexibility compared with blended
grafts, mainly due to the fact that the middle layer was P(LLA-CL). Cell viability studies with
endothelial cells suggested a prompt adhesion and proliferation duo to the fact that the outer layer
was collagen and chitosan. Confocal microscopy demonstrated that a monolayer of endothelial
cells could be formed after 7 days of culture. The above results indicated that the composite ﬁbrous
scaffolds could be a good candidate for blood vessel repair by electrospinning method.
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Cardiovascular disease remains the major cause of mortality
worldwide today. In the United States alone, around 81 million
adults (more than 1 in 3) have 1 or more types of cardiovascular
diseases, among them 38 million are estimated to be older than
60 [1]. In those cases, the use of prosthetic vascular grafts is of
extreme importance as suitable autologous substitutions may not
be available due to aging or other problems. To ﬁnd qualiﬁed
vascular replacement without hurting other parts of the patient’s
body, there comes the subject of vascular tissue engineering.
As a burgeoning technology, tissue engineering is a inter-
disciplinary subject that combines genetic engineering of cells
with chemical engineering to create artiﬁcial organs and
tissues, such as skin, bones, blood vessels and nerve conduits
[2]. The main challenge for tissue engineering scaffolds is to
design and fabricate customizable biodegradable matrices that
can mimic the componential and structural aspects of native
extracellular matrices (ECM) [3].
Collagen and chitosan were selected in this study to biomi-
metic the natural ECM from the component point of view and
electrospinning technique was employed with the hope to match
the structure of nanoﬁbrous membranes in ECM. As the main
protein of connective tissue in animals and the most abundant
protein in mammals, collagen is widely used as starting materials
in biomedical ﬁelds. Chitosan, a massive natural polysaccharide
derived from chitin, has an analogous structure with glycosa-
minoglycan, which is the main component of natural ECM [4,5].
Both of the above have good biocompatibility, appropriate
biodegradability and commercial availability.
Moreover, despite successful applications of synthetic poly-
mers (Dacron, PTFE, etc.) in the replacement of large diameter
(46 mm) vascular grafts [6], for small-diameter (o6 mm)
vascular bypass grafts, those materials are of limited usage due
to acute thrombogenicity, aneurysm formation and other pro-
blems related to immune response [7]. Therefore, efforts have
been made to develop natural materials-based scaffolds using
collagen [8–10], chitosan [11,12], gelatin [13,14], silk ﬁbroin
[15,16] and other biocompatible natural materials [17,18].
Unfortunately, although in-depth researches have been con-
ducted through these kinds of materials, there remains a non-
ignorable gap between lab activities and clinical trials for the
application of natural materials, as most of them are too fragile
to provide sufﬁcient mechanical strength. Thus, at present stage
researchers are inclined to blend natural materials with synthetic
polymers in the design and fabrication of vascular grafts.
Compared to pure natural materials, natural–synthetic blends
have the possibility to provide enough mechanical strength.
Meanwhile, with certain balance, the negative inﬂuence of
synthetic materials on cell proliferation and differentiation could
be reduced to a large extent [19]. Practicable as this approach
might be, to date there is no clear consensus as to what method,
material and blend ratio – past, present or future – could lead to
a clinically applicable treatment. As some kind of compromise
between pure natural or synthetic materials, their blends do not
have the potential to thoroughly avoid problems like mechanical
deﬁciency and poor biocompatibility at the blood–material
interface. Moreover, such a simple blending structure could not
match the multiple stresses including circumferential, longitudi-
nal, torsional and shear of native arteries.
In this study, a simple electrospinning method was adopted
to prepare a three-layered nanoﬁbrous tube. The inner andouter layers of the tubular grafts were formed by collagen and
chitosan. Poly (l-lactide-co-e-caprolactone) P(LLA-CL), a
copolymer of PLLA and PCL [75:25], served as a material
for the middle layer. Mechanical properties showed that the
composite scaffolds possessed better strength and ﬂexibility
compared with the blended scaffolds. Cell proliferation rate on
collagen–chitosan ﬁbers was higher without synthetic poly-
mers contacted by the cells. The above results suggest that the
composite vascular scaffolds made of collagen, chitosan and
P(LLA-CL) might be a candidate for vascular repair.2. Experimental
2.1. Starting materials
Water soluble collagen I (mol. wt., 0.8–1 105 Da) was
purchased from Sichuan Ming-rang Bio-Tech Co., Ltd.
(China), chitosan (85%, deacetylated, MZE10
6) was purchased
from Ji-nan Haidebei Marine Bioengineering Co., Ltd. (China)
and a copolymer of P(LLA-CL) (75:50), which has a composi-
tion of 50 mol% L-lactide, was used. Two types of solvents,
1,1,1,3,3,3-hexaﬂuoroisopropanol (HFIP) from Fluorochem
Ltd. (UK) and triﬂuoroacetic acid (TFA) from Sinopharm
Chemical Reagent Co., Ltd. (China) were used to dissolve the
collagen, chitosan, P(LLA-CL) and their blends, respectively. A
crosslinking agent of aqueous glutaraldehyde (GTA) solution
(25%) was purchased from Sinopharm Chemical Reagent Co.,
Ltd. (China). Rat endothelial cells were donated from Barwon
Hospital, Australia. All reagents were purchased from Gibco
Life Technologies, USA unless speciﬁed.
2.2. Preparation of the scaffolds
Collagen (8 wt%) and P(LLA-CL) (10 wt%) were dissolved in
HFP while chitosan (8 wt%) was dissolved in HFP/TFA mixture
(v/v, 90/10). To fabricate the inner and outer layers of composite
grafts, collagen and chitosan were blended with a weight ratio of
4/1. Both layers were electrospun by 1.5 ml of mixed solution
while 1 ml of P(LLA-CL) solution was electrospun as the mid-
layer. All the solutions were ﬁlled into 2.5 ml plastic syringes with
a blunt-ended needle. The syringe was attached to a syringe pump
(789100C, Cole-Pamer, USA) and dispensed at a rate of 1.0 ml/h.
A voltage of 18 kV was obtained from a high voltage power
supply (BGG6-358, BMEICO. Ltd., China) and applied across
the needle and ground collector (a 3 mm diameter mandrel with a
rotating speed of 300 rpm). In accordance with the diameter of the
mandrel, the inner diameter of the tubular grafts was 3 mm. For
comparison, membranes and blended tubular grafts made by
collagen/chitosan/P(LLA-CL) blends were electrospun with a
blending weight ratio of 60%/15%/25% (in consistency with the
proportion used in fabricating composite grafts). After electro-
spinning, samples were crosslinked in a sealed desiccator contain-
ing 10 ml of 25% glutaraldehyde (GTA) aqueous solution for
various periods of time.
2.3. Characterization
The morphology of the ﬁnal products was characterized SEM
using a JSM-5600 scanning electronic microscope (Japan).
The tubular scaffolds were immersed into liquid nitrogen and
C. Huang et al.110rapidly cut using a scalpel to generate a cross-section in which
the edge of the layers could be seen. Fiber diameter and layer
thickness were estimated using image analysis software
(Image-J, National Institutes of Health, U.S.A). Pore size
was measured by cutting the membrane samples (n¼6) into
3 3 cm2 and a CFP-1100-AI capillary ﬂow porometer (PMI
Porous Materials Int.) was used to measure pore size and pore
distribution. Mechanical testing was performed using a uni-
versal materials tester (H5 K-S, Hounsﬁeld, UK) with a 50 N
load cell at ambient temperature 20 1C and humidity 65%. A
cross-head speed of 10 mm/min was used for all the specimens
tested. All specimens were tested to failure.
For multi-layered and blended tubular grafts, tensile tests
were performed by cutting the grafts along their longitudinal
directions into a uniform size (30 5 mm2). The specimen
thicknesses were measured using a micrometer having a
precision of 0.01 mm. The machine-recorded data were used
to process the tensile stress–strain curves of the specimens.2.4. Cell morphology and viability
Rat endothelial cells were cultured in DMEM medium with
10% fetal bovine serum and 1% antibiotic–antimycotic in an
atmosphere of 5% CO2 and 37 1C, and the medium was
replenished every three days. Before seeding cells, scaffolds
were sterilized by immersing in 75% ethanol for 2 h, washed 3
times with phosphate-buffered saline solution (PBS), and then
washed once with the culture medium.
Cell viability was assayed with cell counting kit-8 (CCK-8,
Sigma-Aldrich). Brieﬂy, all the scaffolds were rinsed, moved
to another 24-well tissue culture polystyrene (TCP), and
immersed with 400 ml of fresh culture medium in each well.
Forty microliters of CCK-8 reagent was added into each well
and incubated for 2 h according to the reagent instruction, and
the same volumes of culture medium and CCK-8 reagent
without cells were also incubated as the background. An
aliquot (150 ml) of incubated medium was pipetted into a
96-well TCP, and the absorbance at 450 nm was measured for
each well as above. The cell proliferation was examined on
days 1, 3 and 7 after incubation. TCP wells were seeded as
control and all experiments were performed with n¼6.
For observing cells under confocal microscope, the cultured
matrices were ﬁrst washed with sterilized PBS for three times
to remove medium and unviable cells, followed by immersing
in PBS solution containing 2% paraformaldehyde for 10 min
at room temperature. After rinsing with PBS for three times,
the matrices were placed in a permeabilization solution (0.2%
Triton X-100, Sigma-Aldrich) at room temperature for 10 min
and rinsed again with fresh PBS for three times. The matrices
were then stained with 4,6-diamidino-2-phenylindole and
phalloidin alexa 568 overnight before observation.Fig. 1 (A) Schematic diagram of the 3-step electrospinning
processes. (B) SEM images of 3-layerd composite graft and its
cross section (inset). Scale bar (main picture)¼100 mm, scale bar
(inset)¼2 mm.2.5. Statistics analysis
Statistics analysis was performed using origin 7.5 (Origin lab
Inc., USA). Values (at least triplicate) were averaged and
expressed as means7standard deviation (SD). Statistical
differences were determined by the analysis of One-Way
ANOVA and differences were considered statistically signiﬁ-
cant at po0.05.3. Results and discussion
3.1. Morphology and pore size
Three-step single electrospinning was employed to fabricate
composite grafts. The inner and outer layers of the graft were
formed by 1.5 ml 8% collagen/chitosan while the mid-layer
was formed by 1 ml 8% P(LLA-CL) (Fig. 1A). Cross-sectional
SEM image in Fig. 1B shows the edge of each layer,
demonstrating the existence of 3 different layers. Although
the whole scaffold had been immersed into liquid nitrogen
before cutting, P(LLA-CL) ﬁbers could not be easily cut off by
the scalpel due to their high elasticity. A stretching behavior
might have occurred during the cutting process, resulted in a
morphological difference between P(LLA-CL) and collagen/
chitosan cross-sectional images, as stressed by the inset
pictures in Fig. 1B.
For the comparison of ﬁber morphology, collagen/chitosan
blended solution was directly electrospun on a plain aluminum
foil, after which a very thin layer of P(LLA-CL) ﬁbers was
electospun and deposited on the mat to form a bi-layered
membrane. Surface morphologies of the ﬁbrous membrane
were shown in Fig. 2A and B, and morphologies of collagen/
chitosan/P(LLA-CL) blends (blending weight ratio ¼60%/
15%/25%, same as their composite counterparts) can be
observed from Fig. 2C and D.
Fig. 2A and B apparently shows the difference between the
inner (outer) layer and mid-layer of the composite vascular
scaffold. Diameter of the upper P(LLA-CL) ﬁbers and the
Fig. 2 SEM images of collagen/chitosan/P(LLA-CL) nanoﬁbers under different magniﬁcations and their diameter distribution: (A), (B)
collagen/chitosan ﬁbers at the bottom and P(LLA-CL) ﬁbers on the top; (C), (D) blended collagen/chitosan/P(LLA-CL) ﬁbers. (E), (F)
and (G) Diameter distribution of pure P(LLA-CL), collagen/chitasan, and collagen/chitosan/P(LLA-CL) blended ﬁbers, respectively.
Scale bar¼10 mm.
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12407457 and 1657117 nm, respectively (Fig. 2E and F).
Although most P(LLA-CL) ﬁbers have a diameter range from
0.8 to 2.0 mm, when mixed with collagen and chitosan, the
acquired ﬁbers were much thinner with an estimated diameter
of 2247130 nm (Fig. 2G).
Comparing the curves in Fig. 2E and F, it is clearly seen
that the diameter of electrospun P(LLA-CL) ﬁbers was moreevenly distributed than that of collagen/chitosan ones. This is
probably due to the positive charges carried by chitosan.
Since the stretching of solution could be ascribed to the
repulsive forces between the charges on electrospinning jet,
these positive charges would enhance the stretching behavior
by increasing solution conductivity. This could also be an
explanation of why P(LLA-CL) ﬁbers became much thinner
when it was electrospun together with collagen and chitosan.
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decreased from 8 to 2 wt% in the blended solution, making the
polymer easier to be stretched by electrical force, thus, no
micrometer-scaled P(LLA-CL) ﬁbers (Fig. 2B) could be found
from Fig. 2D.
As a widely used method to stabilize scaffolds, GTA vapor
crosslinking can prevent collagen and chitosan from being
dissolved in water while holding no signiﬁcant impacts on ﬁber
diameter except forming some bonds at ﬁber junctions [4,20].
One of the key factors in this process is the crosslinking time.
Depending on material properties and scaffold thickness,
different crosslinking time should be employed to ﬁnd a
balance between stability and morphology. For one thing,
when the duration was too long (72 h in this study), ﬁbers
intended to stick with each other and ﬁber morphology could
be damaged, as shown in Fig. 3C; for another, without
sufﬁcient crosslinking ﬁbers (24 h in this study) could be easily
dissolved in aqueous solution, as shown in Fig. 3D. When
immersed in 37 1C PBS for 4 days, most of the 24 h-cross-
linked ﬁbers were swelled that no pores remained on the
surface of the scaffold. After a few trials, a suitable cross-
linking time of 60 h was set in regard to the sample thickness
(0.3–0.4 mm).
When crosslinking was over, the scaffolds became yellowish
and shrank slightly dimensionally which can cause changes of
pore size and wall thickness. It is clear as shown in Fig. 3A
and B, that the length of tubular graft decreased from 1.6 to
0.9 cm without obvious ﬁxation. However, if the two edges
were ﬁxed, decrease in wall thickness occurred to offset theFig. 3 Macrographic images of electrospun tubular graft before
(A) and after (B) crosslinking; (C) SEM micrographs of 72 h-
crosslinked collagen/chitosan ﬁbers, (D) 24 h crosslinked collagen/
chitosan ﬁbers after being immersed in PBS solution at 37 1C for
4 days. Scale bar¼10 mm.
Table 1 Pore diameters of blended and composite collagen/chito
Scaffolds (n¼6) Specimen
thickness (mm)
M
di
Blended Non-crosslinked 0.360 0.
Crosslinked 0.304 0.
Composite Non-crosslinked 0.389 0.
Crosslinked 0.357 0.shrinkage in length. Table 1 shows the thickness and pore size
change of both blended and composite grafts before and after
crosslinking. Due to the existence of P(LLA-CL) microﬁbers,
pore size of composite scaffolds was comparatively larger than
that of blended scaffolds, which could be conducive to cells for
the reason that apart from ﬁber diameter, pore size of tissue-
engineered scaffolds also plays an important role. Those
microscale and nanoscale porous structure helps to facilitate
the passage of nutrients and the exchange of gases, which are
crucial for cellular growth and tissue regeneration [21]. How-
ever, when the crosslinking process was over, a decrease in
thickness and pore size of the blended scaffold was observed.
This was probably caused by the bonds formed at ﬁber
junctions during the stabilization.3.2. Mechanical properties
The tensile stress–strain curves of electrospun pure P(LLA-
CL), blended and composite collagen/chitosan/P(LLA-CL)
ﬁbers are shown in Fig. 4. As expected, scaffolds made of
pure P(LLA-CL) had the superior performance in both
strength (8 Mpa in stress) and ﬂexibility (220% in strain),
while blended ones had the stress lower than 5 Mpa and the
strain less than 70%. This is reasonable as the mechanical
properties of ﬁbrous mat depend largely on the mechanical
properties of the single ﬁbers and the interactions among the
ﬁbers making up the mat. Composite scaffolds experienced
two different stages during the tensile processes. At ﬁrst, the
initial modulus was highly matched with that of blended
scaffolds, which can be attributed to the same composition
ratio of collagen, chitosan and P(LLA-CL). When this stage
was over, typical mechanical properties of P(LLA-CL) was
shown on the curve, which might be explained by the fact that
during the measurement, a lot of tiny cracks were observed
from the surface of the sample. Such phenomenon suggests the
breakage of collagen/chitosan ﬁbers, as they formed both the
inner and outer surfaces.
While it is evident that the biocompatibility plays a major
role in achieving patent vessels, vascular scaffolds which serve
as cell carriers and provide structural support contribute to the
ultimate success of engineered grafts [22]. Due to the high
elasticity of P(LLA-CL), the composite graft in our study had
a better mechanical performance than their blended counter-
parts. It also had a much larger strain when compared to other
natural–synthetic blended vascular scaffolds [23–25], indicat-
ing a higher ﬂexibility that is particularly desired in blood
vessel tissue engineering. Moreover, the mechanical properties
could be further tailored to meet the requirement of other
speciﬁc applications via changing the blending weight ratio of
P(LLA-CL) and collagen/chitosan.san/P(LLA-CL) ﬁbrous scaffolds.
ean ﬂow pore
ameter7SD (mm)
Largest pore
diameter (mm)
Smallest pore
diameter (mm)
146370.0292 0.4199 0.0723
100270.0215 0.2568 0.0438
207770.0780 0.6936 0.1578
153470.0441 0.5059 0.0681
Fig. 5 (A) Cell viability after seeding measured for 1, 3 and 7
day, (B) Confocal image of endothelial cells on the composite
scaffolds for day 7. Scale bar¼25 mm.
Fig. 4 Stress–strain curves of the scaffolds made of pure P(LLA-
CL), blended and composite collagen/chitosan/P(LLA-CL) ﬁbers,
respectively.
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Scaffolding materials for tissue engineering approaches are
typically designed to promote cell growth, physiological
functions and maintain normal states of cell differentiation
[26–28]. Rat endothelial cells were seeded to evaluate cell
proliferation on the electrospun nanoﬁbrous scaffolds. Cell
viability after seeding for days 1, 3, and 7 on differentscaffolds is shown in Fig. 5A. Both blended and composite
scaffolds showed a prompt proliferation, which was possibly
caused by the introduction of biological functional groups
via collagen and chitosan. At the culture time of day 1, no
signiﬁcant difference could be found among the scaffolds.
Whereas for day 3, a dramatical increase (Pr0.05) of cell
proliferation value on the composite scaffolds was observed in
comparison with the other two scaffolds. Such a phenomenon
suggests that hydrophilic surface made of pure natural
materials might be more desirable for cell growth. For day
7, although total cell number still increased, the proliferation
rate on the composite scaffolds was lower than those of
blended scaffolds and TCP. This is probably due to the
insufﬁciency of space, which could be demonstrated by the
confocal image shown in Fig. 5B. No enough space could
support further growth due to the entire surface covered by a
cell monolayer although it had a better biocompatibility for
the well-spread endothelial cells. To sum up, a faster growth
speed of endothelial cells was measured on the surface of
natural materials when no synthetic material was blended.4. Conclusions
In this study, a composite vascular graft was electrospun by
using collagen and chitosan as the inner and outer layer, and
P(LLA-CL) as the middle layer. Fiber diameters varied
dramatically in respond to different polymer solutions. Both
mechanical properties and biocompatibility of the composite
scaffolds were better than those of blended counterparts,
therefore, the composite ﬁbrous scaffolds could be a better
candidate for blood vessel repair.Acknowledgements
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